Abstract-The energy levels of a triangular quantum well whose structure is obtained from variations in alloy composition is studied theoretically. Various approximation schemes are utilized to determine the energy levels of the conduction and valence bands ranging from a mean effective mass in the well to a model in which the triangular well is composed of flat layers with varying effective masses. It is found that the absolute positions of the energy levels is a strong function of the number of layers used to form the triangular well, whereas the energy difference between the ground and first excited intraband states is insensitive to the number of layers. In contrast, the interband transitions are strongly dependent upon the number of layers used to obtain the grading.
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Abstract-The energy levels of a triangular quantum well whose structure is obtained from variations in alloy composition is studied theoretically. Various approximation schemes are utilized to determine the energy levels of the conduction and valence bands ranging from a mean effective mass in the well to a model in which the triangular well is composed of flat layers with varying effective masses. It is found that the absolute positions of the energy levels is a strong function of the number of layers used to form the triangular well, whereas the energy difference between the ground and first excited intraband states is insensitive to the number of layers. In contrast, the interband transitions are strongly dependent upon the number of layers used to obtain the grading.
ECENTLY, there have been suggestions that the R properties of nonsquare quantum wells may be useful for a variety of device applications as the energy levels of such a structure could be engineered [1]- [3] . Such nonsquare quantum wells could be obtained either as the result of special doping techniques [4]- [6] , or as a result of special growth techniques such as atomic layer epitaxy [7] , or by conventional molecular beam epitaxy [3] . It is expected that nonsquare quantum wells could be grown by varying in some suitable manner, for example, the In fraction in a GaAs-InxGal -,As-GaAs structure. By using thin layers of InxGal -x A~, it should be possible to form triangular, trapezoidal, parabolic, or any other desired potential structure. In contrast to those structures that derive their nonsquare conduction bands as a result of the doping profile, these structures derive the nonsquare conduction band as a result of utilizing thin layers with different alloy composition. Hence, it becomes important to explore what effect the discreteness of the layers has upon the energy levels of the structure.
In this communication, the energy levels of a single triangular quantum well are determined using a sequence of models that converge to the physical structure. Both the valence and conduction bands are treated in this fashion. We note in passing that we assume the envelope function approximation to be valid throughout this work. The zeroth model is to assume that the potential is infinite for z < 0. For z > 0 it is assumed that the potential can be described as a triangular well with infinite extent in an Manuscript received September 30, 1987 ; revised February 16, 1988 . The author is with the Physics Division, Research Department, Naval IEEE Log Number 8821731.
Weapons Center, China Lake, CA 93555. appropriate field. Furthermore, it is assumed in this scheme that a single effective mass describes the whole well region. The next model treats a triangular quantum well of finite extent sandwiched between two finite barriers. Here, it is further assumed that the well and barrier regions are described by appropriate effective masses.
In the final scheme presented here, we treat the triangular quantum well as being composed of a series of flat layers with varying alloy composition, i.e., the physical structure. The energy levels of such a layered structure can be determined using a variety of techniques such as wave matching [8] , transfer matrix techniques [8] , or the recently introduced R matrix propagation scheme [9] , [lo] . In this paper, we employ the latter scheme since it is simple to implement and naturally incorporates the boundary conditions that the wave function and its derivative obey at each interface. We emphasize again that in this last case no approximation to the physical structure is made, as real-world structures will be composed of such thin layers of varying composition.
Similar calculations have been performed by Schulman [l 11 on a trapezoidal structure within the tight binding approximation using parameters appropriate to the AlAsGaAs system. The results of the present calculation are qualitatively similar to Schulman's but of roughly half the magnitude due to the difference in grading. We also ignore any effects due to interfacial strain which would occur at each interface. Such effects have recently been considered by Mailhot and Smith [12] ; such effects would be treated as additional electric fields within context of the models employed here. We also ignore any excitonic effects upon the interband transition energies. Such effects are expected to lower the interband absorption energy by approximately 10 meV [ 111. In addition, we also ignore strain effects in the system which would lift the heavy and light hole degeneracy at the center of the zone. Within the context of the models employed in this communication, such effects would represent an additional effective band offset and offset the heavy hole and light hole band potentials.
The zeroth model ignores the finite size of the alloy layers and assumes a continuous variation of alloy band gap with position. This is analogous to treating the problem of an electron of charge e in the presence of an applied electric field F. As noted above, the electron in the well has an effective mass m,. The Schrodinger equation U.S. Government work not protected by U.S. copyright for such a particle with energy E measured from the bottom of the well is Qrr -( 2 m w / h 2 ) (eFz -E ) Q = 0 .
( 1 )
Introducing the wave vector kF = ( 2 m w e F / h 2 ) ' / 3 and the auxiliary variable x = kF(z -E / e F ) yields the differential equation, which defines the Airy functions Ai and Bi [13] . Inasmuch as the wave function must be normalizable and vanish at z = 0 as a result of the infinite potential that exists for z < 0, the jth energy eigenvalue of the potential is given by
Here x, is the magnitude of thejth zero of the Airy function Ai which occurs only on the negative x axis [ 131.
We now consider a finite triangular barrier. Here we choose the potential discontinuity at z = 0 to correspond to the conduction band offset V between the two materials. The triangular barrier has finite extent L so that an electric field F = V/L is associated with the potential discontinuity. As in the previous case, we assume that the electron in the triangular barrier has an effective mass m,; in the barrier regions, we assume an effective mass mb. Demanding continuity of Q and ( ' k / m * ) , with m* the effective mass, at z = 0 and L yields after algebra It is simple to demonstrate that for V -+ 00 that energy eigenvalues determined from (3) are identical to those obtained from (1). Note that if one employs the incorrect boundary condition of Q ' continuous, the parameter r appearing in (3) becomes unity.
The models discussed above assume that the triangular well can be achieved by continuous variation of the alloy composition. In fact, the physical situation corresponds to forming the well from j thin alloy layers as shown in Fig. 1 where we schematically indicate the variation of the conduction band with position. Within each layer the alloy composition and, hence, the effective mass and band gap are constants. The triangular well of extent L is then modeled as a collection o f j layers of equal width h such that L = jh. In the numerical examples below, we shall consider a triangular well formed by grading In,Ga, -,As with 0.47 < x < 1 i n j uniform steps between two GaAs barriers. In order to demonstrate the role of the grading on the energy levels in each of the j layers we assume a constant effective mass for each step, varying linearly with step number between 0.041 and 0.067 mo, and a band gap varying linearly in j steps. These latter approximations are introduced for numerical convenience only; for the range of alloy structures used here, they represent well the band gap [14] . Note again that the effect of strain in this system is to split the heavy and light hole valence bands. Hence, in each thin layer, the heavy and light holes will be offset from each producing two distinct valence band potentials. However, as we are interested. in the effects of layer coarseness on the energy levels we ignore this effect. As noted previously, in the treatment of the potentials used here it would appear as an offset of the band gap energy on the order of 50 meV. Inasmuch as the potential energy and effective mass are constant in each layer, the solutions of the Schrodinger equation are given by left-and right-going plane waves. The amplitudes of these waves are determined by wave matching at the various interfaces, which leads to a set of simultaneous algebraic equations. In the usual fashion, the zeros of a large determinant define the energy eigenvalues [8] . Alternatively, the resulting equations are cast into a transfer matrix form, and repeated matrix multiplications are performed until a final transfer matrix is obtained from which the energy eigenvalues can then be determined [8] .
As noted previously, rather than using traditional techniques, we employ instead the recently introduced R matrix propagation scheme [9], [ lo] . Here, rather than propagating Q, the linear Schrodinger equation is converted into the nonlinear Ricatti equation for the variable (R = */*'
Here, k is the local wave vector, which for any layer in the alloy stack is a constant. Therefore, (4) can be solved analytically, yielding a recursive scheme for propagating @. Furthermore, the boundary conditions on the wave function and its derivative yield the single boundary condition at a heterojunction that the product of @m* be continuous. Finally, @ is converted to an element of the S matrix;
In this formulation, the eigenenergies of the potential are defined as those energies for which the S matrix element vanishes. In the case of virtual levels, the energy dependence of S in the vicinity of the resonance yields the intrinsic width of the state. Further details of the technique can be found in [9] and [ 101.
In order to demonstrate the effects of varying effective mass and band gap, a triangular barrier is developed from finite layers as discussed above. The physical structure is a GaAs barrier, followed by j layers of In,Gal -,As and a final GaAs barrier layer. As noted above, we vary the In fraction between 0.47 < x c f i n j steps and the graded region is assumed to be 100 A wide. To determine the conduction band offset, a 65-35 percent rule is used to convert the band gap discontinuity into a conduction band discontinuity. This leads to a potential height V = 0.4 and 0.215 eV for the conduction and valence band, respectively. In the crudest model discussed here, we then associate eleStric fields of F = 4 x lop3 V/ A and 2.15 X V / A with infinite extent to model the potential. Noting that the first two zeros of the Airy function are at ca -2.2 and -4.2 and assuming that the effective mass of the triangular well is 0.041 of the electron mass [14] , the two lowest electron energy eigenstates are found to have energies of 0.248 and 0.474 eV. Similarly, taking the light hole and heavy masses to be 0.05 and 0.47 of the electron mass [15] yields a single light hole bound state of -0.155 eV and three heavy hole states: -0.074, -0.140, and -0.184 eV. Here, the hole energies are referred to the top of the valence band.
Relaxing the infinite range assumption and using a potential with finite extent, (3) is solved numerically for the energy eigenvalues. For the same potential discont$wity of 0.4 eV at z = 0, and well width of L = 100 A , we find that the two lowest eigenstates of the system are at 0.182 and 0.352 eV if we use effective masses of 0.054 and 0.067 in the well and barrier region, respectively. Note that the effective mass used in the well region corresponds to the verge value in the well. If instead we use the extreme mass difference of 0.041 and 0.067, we obtain for the bound state energies 0.190 and 0.372 eV. For this model there is no apparent procedure for picking the effective mass in the well. We note in passing that if one chooses r = 1 in (3) and determines the eigenenergies using well masses of 0.054 or 0.041, one obtains for the eigenenergies 0.186 and 0.354 or 0.200 and 0.377 eV. Hence, it would appear that the electron energy eigenvalues are not very sensitive to the effective mass in the well.
We now treat the hole eigenstates in the same fashion as the electron states were treated. In the barrier, we employ a light hole mass of 0.12 mo and in the well employ the mean light hole mass of 0.085 mo. Solving (3) then yields two eigenstates at -0.101 and -0.196 eV. If, instead, the extreme mass in the valence band is used we obtain eigenenergies at -0.109 and -0.213 eV; as in the previous case, a small but experimentally measurable difference. For the heavy holes, using a mean hole mass in the valence band of 0.485 and a barrier mass of 0.5 mo yields eigenenergies of -0.063, -0.121, -0.166, and -0.205 eV. If instead we use the extreme masses 0.47 and 0.50 mo, we obtain -0.063, -0.121, -0.168, and -0.207 eV for the eigenenergies. The independence of the energy eigenvalues on the heavy hole mass is easily understood from the small mass difference between the well and barrier effective masses. Once again we note that the eigenenergies are measured with respect to the valence band maximum.
We now consider the results obtained using the R matrix propagation scheme outlined above. Here the number of layers used in forming the structure is 3 < j < 20. The results of the calculation are summarized in Tables I and  11 . Not surprisingly, the bound state energies of the system are strongly dependent upon the number of layers used in fabricating the barrier. It is also apparent that as the number of layers increases, the bound state energies approach that of the equivalent continuous variation well using the average effective mass. We also note that energy difference between the ground and excited state is only weakly dependent upon the number of layers. Hence, it would appear that the "coarseness" of the layers will have an important effect on measured properties if few layers are used. These results in fact suggest that effective mass effects, which are derived from finite layer thickness, should be observable in experiments that probe the individual en-ergy levels of the conduction band, valence band, or corn- neling, effects predicted here. Indeed as can be seen from (2), the separation between the first two energy levels in the conportional to the grading, we expect a weak effect only for experiments probing intraband transitions. Hence, great care must be taken when analyzing experimental data taken on structures with graded band gaps. 1242-1259, 1987. appear to be insensitive to the effective I. INTRODUCTION HE lead salt semiconductors have been used for solid-T state electronic devices for over a century, being first used to make diodes from natural PbS (galena) single crystals [ 11. These materials have small energy band gaps corresponding to the midinfrared spectral range (wavelengths greater than about 2.5 pm). Hence, polycrystalline thin films of lead salt materials have long been of interest for infrared detector applications [2] . These films are prepared by vacuum deposition or by precipitation from aqueous solution. More recent epitaxial detector studies will be briefly described below. Diode lasers made using p-n junction diffusion into lead salt crystals were fabricated very soon after the first gallium arsenide diode lasers [3] . Very much research has been done since then on the growth and characterization of lead salt materials and devices, and there is an extensive body of knowledge to guide future investigations [4] -[ 181. Rapid advances in diode laser properties have occurred because of three basic factors: 1) the advent of advanced epitaxial growth techniques, such as molecular beam epitaxy, 2) surface analytical techniques (Auger and photoelectron spectroscopies, electron diffraction), and 3) the development of new alloys, such as PbEuSeTe [19] . Most startling has been the increase in device operating temperatures. A few years ago, most lead salt diode lasers only operated up to 30-80 K CW, with a few devices of advanced design operating up to about 115-130 K CW [12] , [20] , [21] . Pulsed, low duty cycle operation typically extended up to 80-150 K, with one report of operation up to 230 K [22] . Our most recent quantum well PbEuSeTe devices have attained CW operation (at 4.4 pm wavelength) up to 175 K, and pulsed operation (at 3.9 pm) up to 270 K [23] - [28] . An assessment of the state-of-the-art of lead salt quantum effect devices and superlattices is therefore, appropriate. This paper briefly reviews the fundamental properties of lead salt semiconductors and of new, high energy gap alloys. The fabrication and performance of PbEuSeTe quantum well diode lasers is then discussed with an emphasis on quantum-related properties. Other lead salt quantum well diode lasers are then reviewed, and the prospects for higher operating temperatures are discussed. The treatment of diode lasers concludes with a comparison of the performance of 111-V, 11-VI, and IV-VI diode laser operating temperatures. Finally, some future applications of IV-VI compounds, mainly in the area of magnetic field sensitive materials are briefly reviewed.
LEAD SALT MATERIALS A. Fundamental Properties
The properties of the lead salt binary compounds and their classic alloys have been extensively reviewed [2] , [8] , [9] , [16] . Therefore only some of their most important properties will be mentioned here. The lead chalcogenide semiconductors have the face centered cubic (rock salt) crystal structure, and hence, obtain the name "lead salts". Thus, they have [lo01 cleavage planes, and tend to grow in the [lo01 orientation, although they can also be grown in the [l 1 13 orientation.
The lead salts are direct energy gap semiconductors with the band extrema at the four equivalent L points of the Brillouin zone. The constant energy surfaces at the L points are prolate ellipsoids of revolution. The major axes of the ellipsoids are in the [l 1 13 directions. Addition of Sn to PbTe or PbSe causes the band gap to decrease and go through zero with L band inversion at higher Sn concentrations. At low Sn concentrations (before L band inversion), the energy band gap increases with increasing temperature. At higher Sn concentrations beyond the L point inversion, the energy band gap decreases with increasing temperature, as is the case for most conventional semiconductors. Because the conduction and valence bands at the L points are near mirror images of each other, the electron and hole effective masses are nearly equal. For PbTe quantum well structures in the [lo01 orientation, their values are typically about 0.037 times the freeelectron mass at 80 K. However, nonparabolicity effects can significantly increase these effective masses. The index of refraction is a fairly strong function of alloy composition, temperature, and carrier concentration, but a typical value for PbTe is 6. Thus, a PbTe diode laser emitting photons with a free-space wavelength of 5 pm o018-9197/88/08o0-1716$01 .OO 0 1988 IEEE will need a waveguiding region with a thickness of a few microns, a convenient value for MBE growth.
The lead chalcogenides sublime as molecules, with very little loss of chalcogen, especially in the case of PbTe [29] . The rare earth (e.g., Eu,Yb) and alkaline earth ( Ca,Sr) chalcogenides evaporate at temperature of -2O0O0C, so that elemental sources are used to grow high energy gap alloys of these materials with the binary lead salt compounds by MBE. These alloys are typically grown under slightly chalcogen-rich conditions to avoid segregation of the metal on the surface. The excess chalcogen has a high enough vapor pressure at typical substrate growth temperatures ( 300-400°C ) to reevaporate, leaving only a small concentration of metal vacancies. In the case of PbTe and its alloys, T12Te has been used as a ptype dopant source and Bi2Te3 as an n-type dopant source. These dopants are relatively unaffected by crystal stoichiometry [30] , and incorporate well with low diffusion coefficients in PbTe [3 11, [32] .
B. New High Energy Gap Alloys
The wavelength ranges covered by diode lasers made from the most important IV-VI alloy systems are shown in Fig. 1 . The wavelength range from about 2.5 to 32 pm may be covered by diode lasers made from these materials. Lasers emitting at even longer wavelengths have not been made, apparently because of the low density of states that can participate in the lasing process in such extremely small band gap ( < 0.04 eV) materials, and because freecamer absorption losses increase strongly with increasing wavelength. While shorter wavelengths can be addressed with the PbCdS materials systems, many recent studies have focused on alloys of rare earth elements, especially europium, with the lead chalcogenides. The lattice constants of the rare earth monochalcogenide compounds are shown in Fig. 2 [33] , [34] . These compounds exist in the face centered cubic crystal structure, the same structure possessed by the lead chalcogenides. For each chalcogenide, there is a monotonic decrease in lattice constant with atomic number of the rare earth metal, except for Sm, Eu and Yb, as well as Tm in the telluride series. This variation occurs because these four metals tend to be in the +2 valence state in these compounds, whereas the others are in the +3 valence state. Since the chalcogenide elements are in the -2 state, the Sm, Er, and Yb chalcogenides tend to be semiconductors. The other chalcogenides are metallic, with approximately one conduction electron per lanthanide atom. Thus, these elements may be used as ntype dopants in the lead chalcogenides [35] . From Fig. 1 eV, and is useful in heterojunctions with PbSnTe ( Fig.  1) . It has been used to make these longer wavelength diode lasers, but introduces a deep donor level into PbTe which is related to the Yb+2 --* Yb+3 + e-valence instability.
This donor level moves deep into the valence band in PbSnTe where it is not a problem, but in PbTe it compensates acceptor dopants. This limits its usefulness for high current devices such as diode lasers operating at short ergy gaps than the rare earth chalcogenides. They also share the rocksalt crystal structure with lattice constants which are comparable to those of the lead salt compounds, and are very stable in the + 2 valence state. The energy gaps and lattice constants of these and other telluride compounds of interest are shown in Fig. 3 Other high energy gap alloys with the lead salt compounds involve the chalcogenides of Mn, Ge, and Cd. Since none of these chalcogenides have the face centered cubic crystal structure, they all have a limited range of solid solubilities in the lead chalcogenides before a phase transition occurs. These and other problems with these alloys have been reviewed [41] . In a recent study, up to 10 percent MnTe could be introduced into the PbTe lattice before phase separation occurred [49] . CdS is relatively soluble in PbS, and PbCdSSe has recently been grown lattice matched to PbS by MBE 1501. 
QUANTUM WELL DIODE LASERS

A. Single PbEuSeTe Quantum Well Device Structure
The dopant and composition ( x ) profiles of a Pb, -xEuxSeyTel -y large optical cavity diode laser are shown in Fig. 4(a) and (b) , respectively. This structure was grown by MBE [24] . The selenium concentration was adjusted to obtain lattice-matching between the PbEu- The europium concentration was increased farther from the active region to form a separate optical cavity structure, since the index of refraction of PbEuSeTe decreases with increasing europium concentration [ 191. Mesa stripe geometry diode lasers were fabricated as previously reported using an anodic oxide for electrical insulation [54], [ S I . The stripe widths for these lasers were 16 to 22 pm, and the cleaved cavity lengths were 325 to 450 pm long.
B. Device Characterization
The threshold current for a 300 A quantum well active region is shown as a function of temperature in Fig. 5 . Pulsed (1 ps, 1 kHz) and CW data are shown for transitions between the n = 1 states (with emission energies denoted "Ell") in the conduction and valence bands. Below about 130 K, a mode with much higher photon energy ( ''E22" corresponding to transitions between n = 2 states) was observed at a higher "threshold" current. This n = 2 threshold current decreases with increasing temperature until it becomes approximately equal to the n = 1 threshold at 140 K (pulsed). Above this temperature, the n = 2 threshold current increased rapidly and the n = 1 transition was not observed. The larger density of n = 2 states compared to n = 1 states is apparently responsible for this high temperature behavior. Above 140 K the losses are large enough to preclude lasing between the lower density n = 1 states.
If the device is held at a heat sink temperature a little below the E , , to E22 threshold switch shown in Fig. 5 , the quantum transitions can be observed as the dc bias current is varied. Tpe CW emission energy versus current of the same 300 A wide quantum well device previously discussed is shown in Fig. 6 operating at a heat sink tem- The laser mode structure then breaks down, and at 0.47 A a new mode (E22) with much higher emission energy is observed. The rather wide spread in "Ell" emission energies at high pumping levels (0.4 to 0.5 A) is not well understood. Weakly allowed EI2 transitions are apparently not involved [56] . However, for the most part, the increase of El, or E22 emission energies with diode current is caused by joule heating of the laser active region and the consequent increase in energy band gap normally observed in lead-chalcogenide semiconductors. At lower heat sink temperatures, the El transition persists up to higher currents. At higher heat sink temperatures, the Ell threshold current increases and the current at which the E22 mode appears decreases until the laser switches to the E2* mode at threshold.
PARTIN: IV-VI QUANTUM EFFECT STRUCTURES
C. Quantized Emission Energies and Band Offsets
The photon emission energy for a device with L, = 300
A was calculated from a finite square well model [57] .
The carrier longitudinal and transverse effective masses in the conduction and valence bands of PbTe at the minimum gap L points were calculated at 80 K [53] . The conduction and valence band mobility effective masses were calculated from the respective carrier longitudinal (ml) and transverse ( mr) masses using [56] m t = 3[2m;' + m;']-'.
(1)
This procedure yielded conduction and valence band effective masses of 0.0348 and 0.0392 times the free-electron mass, respectively. These effective masses characterize carriers at the band extrema, but must be corrected in the present case because of the strong nonparabolicity of the bands in PbTe [58] , [59] . This can be done to a good approximation using the Kane model [60] , in which the carrier effective mass at energy E into a band is given by m*(E) = m t ( l + 2E/Eg).
(2) The carrier effective masses in the PbEuSeTe confinement layers were approximated by assuming that the masses are proportional to the energy band gap. This yielded electron and hole masses of 0.0512 and 0.0576 times the free-electron mass, respectively, in the Pbl -,EuxSeyTel -y confinement layers ( x = 0.018) at 80 K. The energy gap of PbEuSeTe was approximated from the dependence of pulsed emission energy of double heterojunction lasers on the europium concentration in the device active region. The following expression was found
Here, A = 187 meV, B = 0.55 meV K-*, C = 9.0, D = 30 K, E = 6000 meV, x is the europium concentration, and Tis the absolute temperature.
Thus, at 80 K, the difference in emission energy of PbTe and Pbl -,Eu,SeyTel -y [ x = 0.018, see Fig. 4(b) ] lasers is 103 meV. Assuming that this is the change in energy band gap, A Eg, the electron and hole energy levels can be found if the discontinuities in the conduction (A E,) and valence (A E,) band edges are known. Since they are not, we used AE, as an adjustable parameter for the calculations and inferred AE, from AE, + AE, = AEg. The n = 1 and n = 2 energy states could then be computed. The n = 1 electron energy level plus the n = 1 hole energy level plus the empirically observed pulsed emission energy from a PbTe homojunction laser (at 219.3 meV, where effectively L, > 1 pm) gives a calculated value of Ell. The value of E22 was similarly calculated. These theoretical values of El l and E22 are shown in Fig. 7 as a function of A Ec/A Eg and compared with the experimentally observe! pulsed emission energies from a laser with L, = 300 A at 80 K. The agreement is better than that obtained when nonparabolicity is ignored and the effective masses of the carriers in the confinement layers are assumed equal to those of carriers in the PbTe quantum well [24] , [25] . Also, the agreement between calculated and observed emission energies in Fig. 7 confirms that the selection rule An = 0 is being obeyed in this case, and further suggests that A Eg is roughly evenly divided between A E, and A E,. Multiple quantum well PbEuSeTe-PbTe diode lasers have been grown and the emission wavelengths characterized [26] . Very detailed calculations of the E l l emission wavelength showed that it was insensitive to the relative values of the band offsets and the E22 mode was not observed in these devices [61] . Thus, the observation of the E22 mode (Fig. 7) is helpful since it depends more sensitively on the band offsets. Furthermore, the observation of the E22 mode implies that neither band offset can be less than about 0.1 A Eg, since in that case one of the n = 2 states (in the conduction or valence band) would not be bound. This may imply that fundamental changes in the energy band parameters occur near 5 percent europium concentration. Thus, the band offset in a PbTePbl -, Eu, Se, Te -y lattice-matched heterojunction may be nonlinear near x = 0.05. In a cyclotron resonance experiment, the band offset in a PbTe quantum well with x = 0.106 in the barrier layers was determined to be A E, = 0.90 Eg, although nearly as good a fit could be obtained at A E , = 0.55 AEg [68] . If in fact A E , = 0.9 AEg at low europium concentrations, electron leakage out of a PbTe quantum well would be very significant since A E, would be very small. This possibility led to the evaluation of a side optical cavity, single quantum well diode laser in which the europium concentration on the p-type side of the PbTe quantum well was made relatively large to give maximum electron confinement. The europium concentration on the n-type side of the quantum well was then made smaller to facilitate placing the optical cavity on that side, rather than symmetrically disposing it on both sides of the quantum well [69]. These devices had higher CW emission power than previous devices (0.17 mW at 170 K), possibly because of improved electron confinement. However, differences in optical confinement in the waveguide structure of this device are also important since relatively large europium concentrations were used.
D. Other Lead Salt Quantum Well Diode Lasers
Another material system in which quantum well lead salt diode lasers have been reported is PbSnTe-PbSeTe [70], [71] . This system can be grown lattice matched, with PbSnTe having the smaller energy band gap. These multiple quantum well devices had an anomalous dependence of threshold current and photon emission energy on temperature. Detailed modeling of these devices, which considered the strong dependence of dielectric constant on temperature of PbSnTe as well as quantum confinement effects indicated that the PbSnTe /PbSeTe heterojunction is Type I f , with the conduction band edge of the narrower energy gap PbSnTe at higher energy than that of the PbSeTe confinement layer. This result was supported by optical absorption studies of PbTe-PbSnTe superlattices [72]. However, several other optical and magnetooptical studies of PbTe-PbSnTe superlattices have found that it is Type I, with both electrons and holes confined within the narrower energy gap semiconductors [73]- [75] . Both of these opposing conclusions are reached from more than one type of experimental determination. While all samples involved here were grown by hot wall epitaxy, it has been reported that details of the growth apparatus, such as shielding the sample from thermal radiation from heater windings, may change the tin diffusion coefficient by an order of magnitude [76] . It is possible that the samples under study, which are nominally similar, are in fact different because of the tin diffusion or some other, as yet unknown factor. Despite these problems, quantum well diode lasers in the PbSnTe-PbSeTe system have been reported which lased at up to 130 K CW and 204 K pulsed [7Ol, [711.
The PbS-PbSe material system also potentially can be used for quantum well devices, with PbS having a larger energy band gap than PbSe (0.41 eV and 0.27 eV at 300 K, respectively), and a 3 percent smaller lattice constant (5.936 A versus 6.124 A) . Eu or Cd may be added to increase the energy band gap, and Sn may be added to reduce it. Thus, there is a family of materials here which can be used to make quantum well devices. Furthermore, PbS-PbSe-PbS double heterojunction devices have been fabricated which operate pulsed up to 230 K [22]. Electroluminescence has even been reported at room temperature with PbSSe homojunction devices [77] . Dislocation formation at PbS-PbSe heterojunctions has been characterized by transmission electron microscopy [78]-[80] . Furthermore, the band offset at a PbS-PbSe heterojunction has recently been evaluated [81] . Thus, this heterojunction system appears to be well suited for quantum well devices, especially in combination with Eu or Cd for high energy gap barrier layers. So far, double heterojunction and single quantum well devices in the PbEuSe-PbSe system have operated up to 165 K CW and 220 K pulsed [36]- [40] . Th? PbSe quantum well widths used were as small as 500 A [37], [38] . A very detailed report on the quantum effects in these devices has not yet been published to our knowledge. There is evidence, however, that the valence band offset is small in this system [40] .
E. Higher Operating Temperatures
An important issue for lead salt diode lasers is the attainment of increased operating temperatures to decrease cooling system requirements. Many effects may limit maximum operating temperature. A detailed analysis of PbEuSe-PbSe diode lasers showed that interface recombination was not very significant in these nearly lattice matched devices at high temperatures, whereas it was generally very important in strongly lattice mismatched PbS-PbSe heterojunction devices, even at relatively high temperatures [37] . Auger recombination was not dominant in the higher energy gap alloys. Thermal leakage currents were very important at high temperature in the PbEuSe-PbSe material system, and there is a clear need for barrier layers with higher energy band gaps. The energy band gap of PbEuSe can be made very large with sufficient Eu addition [39] . However, decreasing carrier mobilities and decreasing acceptor dopant effectiveness are currently limiting the useful PbEuSe composition range to a few percent of europium. The intrinsic properties of PbEuSe do, however, appear to make room temperature operation ultimately attainable [37] .
In the lattice matched PbEuSeTe-PbTe system, less sophisticated modeling has also suggested that thermal leakage current is very important at high temperatures [25]- [28] . A fundamental tradeoff in the large optical cavity single quantum well devices fabricated to date (Fig. 4) is that the region with maximum usable europium concentration (and hence smallest index of refraction) must be placed relatively far from the PbTe quantum well in order to form a waveguide. Thus, a lower europium concentration is used immediately adjacent to the PbTe quantum well, with consequent reduced carrier confinement to the well.
One way to resolve this situation is the side optical cavity structure mentioned above. However, its utility depends upon the values of the band offsets, which are not clearly known yet. Another approach would be to keep the europium concentration of PbEuSeTe constant across the entire waveguide structure, but to add a component near the PbTe quantum well which would increase the index of refraction without decreasing the energy band gap. It is known that alloying GeTe with PbTe increases the energy band gap, decreases the lattice constant, and increases the index of refraction [82]- [85] . Furthermore, MBE growth of PbGeTe has been studied [86] . In order to test this possibility, two PbEuGeSeTe films were grown, one of which had no germanium in it ( Table I ). The europium concentration was the same in the two films, and the amount of selenium was adjusted to maintain lattice matching to PbTe, although these films were grown on BaF2 as usual to facilitate optical transmission studies. Other aspects of film growth and characterization were the same as previously reported [19] , [86] . The energy band gaps were the same within experimental errors, and the index of refraction (at a photon energy of 0.32 eV, near the energy band gap of PbTe at 300 K ) was increased. Whether this modest increase in index of refraction is enough to justify the complexity of lattice matching a five component alloy with a critical growth temperature [86] is an issue, but it does present another approach to the problem of obtaining good optical and carrier confinement.
Alternatively, alloys of lead telluride with other elements may be explored in order to find higher energy gap alloys for improved carrier confinement. As shown in Fig.  4 , Ca, Sr, and Ba have tellurides with very large energy gaps. The energy gaps of PbEuTe, PbCaTe, and PbSrTe are compared in Fig. 8 [ 191, [45], [46] . The dependence of energy band gap on composition is pretty similar for all materials shown, although the energy gap of PbEuTe is always somewhat higher for a given mole fraction. Based on the data in Fig. 8 , very large energy gaps (at least 0.7 eV) can be obtained in all three of these material systems. However, the carrier mobilities are severely degraded with increasing addition of these high energy gap chalcogenides (Fig. 9) . Data are shown for the PbEuSeTe quaternary for Se concentrations that lattice match to PbTe. PbCaTe is almost lattice matched to PbTe over its useful range of concentrations [45]. PbSrTe would probably be used as a lattice matched quaternary alloy such as PbSrSeTe, but since data are not available for that, data for the ternary alloy were used instead [46]. However, alloy scattering due to the additiop of Se is not expected to further reduce carrier mobilitiep very drastically over the appropriate composition range [87] . The dashed line in Fig. 9 is purely empirical, and serves mainly to illustrate that the electron mobiliti s of these alloys are all roughly the same for the Sam mole fraction of high energy gap constituent. This places severe limitations on the useful composition range for high current density devices such as diode lasers, especially near their highest oper- ating temperature limits where their threshold current densities are the largest. The degradation of carrier mobility with alloying shown in Fig. 9 may be caused in part by nonrandom alloying as observed in MBE-grown InAlAs [88] , [89] . Transmission electron microscopy studies of MBE-grown Pb, -,Eu,Se,,Te thin films have so far only shown evidence for nonrandom alloying in the range 0.35 < x < 0.75 [90] . We note that, because of the similarity of the effective masses of electrons and holes in lead salt semiconductors, their mobilities are generally the same within a factor of two for a given alloy composition.
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Other high energy gap alloys of PbTe with Ba, Mg, Cd, and Mn have been evaluated. Barium has only a small solubility in PbTe, apparently because of the large difference in lattice constants between PbTe and BaTe shown in Fig. 3 [46] . The other three metals all have tellurides which do not have the face centered cubic crystal structure of PbTe; hence their solid solubilities in PbTe are limited by phase transitions. Even within this constraint, however, the increase in energy band gap and decrease in carrier mobilities are generally worse for Mg [91] , [92] and Cd [91] , [93] . In the case of Cd, an additional difficulty is that it diffuses rapidly at low concentration into PbTe as a donor impurity [94] . Manganese has similar limitations in PbTe [95] - [97] .
Thus, a consistent picture emerges in which alloy disorder scattering limits the useful composition range of high energy band gap alloys of PbTe. Conceivably, nonrandom alloys, i.e., short period superlattices may be used to overcome this limitation. The study of lattice mismatched PbTe-EuTe superlattices by optical absorption and magnetic susceptibility measurements is under way [65] , [98] . However, the results to date indicate that only modest effective bandgaps may be attained in such structures [a], [65] . Another possibility is that of CdTe-PbTe heterojunctions and superlattices. These structures have been grown by ionized cluster beam epitaxy [99] , [loo] and vapor phase epitaxy [loll as well as by molecular beam epitaxy [97] . These superlattices are known to be Type I [loo] and it may be that fast diffusing Cd donors can be dealt with by a combination of low growth temperatures and counter-doping with an acceptor impurity, such as T1.
F. Comparison of Material Systems
The current state-of-the-art for maximum diode laser operating temperatures is shown in Fig. 10 . The curves are calculated for double heterojunction devices with lightly doped active regions [102] . They show that PbSnSeTe devices should operate at higher temperatures than those of III-V or II-VI compound devices. The energy band structure of the lead salt materials is much different than that of the other semiconductors shown in Fig.  10 , with a many valley band structure at the direct gap which has a higher density of states and lower Fermi energy for the same injected carrier densities. This enhances the radiative recombination rate compared to the Auger recombination rate. The open circles in Fig. 10 are experimental data points that were available at the time these [115] . The growth of superlattices of these meterials allows the details of the atomic interactions of these materials to be probed [98] . The existence of ferromagnetic ordering in the SnTe-MnTe system may point the way toward devices which are very sensitive to a magnetic field [116] . Recently, the effect of carrier concentration on the temperature at which ferromagnetic ordering occurs was investigated [ 1 171. Thus, IV-VI compound semiconductors have a leading position in the area of long wavelength quantum well diode lasers. They may also have some potential for future usefulness for magnetic field sensitive devices. As mentioned in the Introduction, One Of the Original applications for lead salt semiconductors was in the area 
